Abstract
Gif-sur-Yvette, France. 6
Introduction

29
In unsaturated conditions, the durability of concrete structures is strongly dependent on the evolution 30 of the amount of free water within concrete porosity (the term "free water" means the water that can be 31 evaporated: it includes capillary and adsorbed water). This dependence is well illustrated by the 32 results of Tuutti [1] that show the strong evolution of the corrosion current (over several orders of 33 magnitude) of steel embedded in a carbonated mortar as a function of the external relative humidity 34 (RH). In a more general way water significantly influences concrete performances and durability 35 (shrinkage, creep, cracking, transport properties). Reliable durability assessment of concrete 36 structures in relation to their environment thus requires accurate unsaturated water transport 37 description. Many studies were published on this specific subject and a lot of data were acquired in the 38 laboratory using different cement-based materials taking care to avoid interaction with carbon dioxide 39 (CO 2 ). These results are of course very important but they are not fully relevant for durability appraisal 40 because they disregard the fact that concrete structures are being carbonated when exchanging water 41 with the environment. 42
Carbonation refers to the reaction between the calcium contained in concrete pore solution and 43 gaseous CO 2 . It leads to hydrates dissolution (mainly portlandite and C-S-H) and precipitation of 44 calcium carbonate (CaCO 3 ). Beyond the fall of the pore solution pH that triggers rebar depassivation 45 and corrosion, the precipitation of CaCO 3 generates porosity clogging: the reduction of which depends 46 on the cement type and water to cement ratio (w/c) [2] [3] [4] [5] [6] [7] [8] . The specific surface area is then significantly 47 decreased (around 50%) despite conflicting observations [9, 10] . 48
The pore size distribution is also altered. Litvan and Meyer [11] studied carbonated concrete samples 49 taken from a 20-year field exposure test (two concretes made with CEM I and CEM III). They found 50 that carbonation led to significant coarsening of the pore structure of the CEM III concrete whereas the 51 finer pores were affected for the CEM I one. Using pastes with different w/c (from 0.4 to 0.7) Ngalaand Page [5] found that carbonation (using 5% of CO 2 ) increased the proportion of capillary pores 53 (pores larger than 30 nm) whatever the binder and water to binder ratio. More recently, Thiéry et al. [7] 54 carbonated CEM I pastes with different w/c (using 50% of CO 2 ) and found that carbonation was 55 capable of producing large capillary pores (larger than 100 nm) for w/c greater than 0.45. This could 56 be just a consequence of the high CO 2 content used in this study because the authors noted that this 57 phenomenon was reproduced using 10% of CO 2 . Morandeau [12, 13] conducted similar experiments 58 using CEM I pastes with or without fly ash (using 10% of CO 2 ). The pore volume of the CEM I pastes 59 was almost uniformly reduced over the whole pore size distribution whereas a significant coarsening 60 was obtained for pastes containing fly ash. 61
The water retention curves (i.e. adsorption and desorption isotherms) are also transformed. Due to 62 porosity clogging, the water retained at equilibrium is significantly reduced [2, 4, 14-16]. In addition, 63 using CEM I pastes of different w/c Houst [14], Houst and Wittmann [4] (≈90% CO 2 ) and Thiéry et al. 64
[7] (50% CO 2 ) showed that despite this reduction in water content (in percent by dry mass) the curves 65 remained unchanged when they were expressed in saturation ( Figure 1 ). This highlights the change in 66 density induced by carbonation due to CO 2 fixation (1.60 and 2.03 g/cm 3 for non-and carbonated 67 pastes respectively as estimated using mercury intrusion porosimetry [14] ). This also means that all 68 the pores were impacted in the same manner by CaCO 3 precipitation. This is of course not consistent 69 with the coarsening of the pore structure discussed above. This is also not consistent with the results 70 The effect of carbonation on permeability is also controversial. Martin carbonated two CEM I concretes and found that the permeability coefficient of the carbonated 83 concretes was three times less than that of the non-carbonated ones. These results are however not 84 consistent with the observations of Borges et al. [20] who measured oxygen permeability on CEM I 85 paste with or without slag (75% and 90%). The CEM I paste permeability values remained stable after 86 carbonation (5% CO 2 ) whereas the pastes incorporating slag showed significant increase in 87 permeability. Moreover Thiéry et al. [7] and Wang et al. [21] showed that for a high w/c CEM I concrete 88 (0.84) the permeability (evaluated using inverse analysis) was increased after carbonation (by one 89 order of magnitude). 90
In summary, there are not enough studies dealing with the effect of carbonation on water transport 91 properties and the results are piecemeal and often conflicting. This might be due to differences in CO 2 92 content, cement type or even mix composition. It is then the purpose of this article to study the effect 93 of carbonation and to acquire all the data needed to describe unsaturated water transport in 94 carbonated cement pastes; that is to say: porosity, water retention curve and unsaturated permeability 95 Water transport is then usually described in a simplified way using a single equation as for liquid 104 permeation only (the two other motions are included). This approach was found to be valid (water 105 transport in the gaseous phase was found to be negligible compared liquid permeation) for weakly 106 To describe water transport in a simplified way, we have started using Darcy's law extended to 114 unsaturated flow [29] which allowed estimating the water flux : 115 
The right-hand term ∅ accounted for porosity reduction induced by carbonation and the pressure 127 was calculated using the so-called Kelvin-Laplace equation: 128 (Table 1) . 137
These binders were chosen because they are being used for R&D studies by the French Agency for 138 radioactive waste management (Andra) and its partners. The low-pH mix was designed in the field of 139 geological disposal to limit the chemical interaction between clay minerals and concrete structures [31, 140 32]. The CEM I, CEM V/A and Low-pH mix were already studied in a previous work [33, 34] 
Specimens preparation
147
The pastes were prepared in twelve consecutive batches of 2 L (3 batches for each composition) over 148 two days. The appropriate amounts of cement and water were mixed in a planetary mixer until 149 homogenization of the fresh mix. The paste was then poured into polypropylene cylindrical moulds 150 (Ø50×100 mm) and vibrated to remove entrapped air bubbles. The specimens were kept two weeks 151 after casting in their sealed moulds before unmoulding. The specimens were then cured for four 152 months in sealed containers immersed in specific curing solutions. The composition of the curing 153 solutions of the PI, PIII and PV specimens was designed to prevent calcium and alkalis leaching. solution, the composition of which was analyzed using ionic chromatography (Table 2) . 157
Because the pore-solution of PBP was known to exhibit significant changes during the early months of 158 hydration [32], a different protocol was chosen: several specimens were reduced into a rough powder 159 and added to deionized water to generate the curing solution. 160 161 The top and bottom parts of the samples that present different properties from the bulk [37-39] were 164 cut off and discarded. The thickness of the parts to be removed was assessed by using acceleratedchemical degradation [40] . One specimen of each paste was immersed in ammonium nitrate solution 166 (6 mol/L). The leaching solution was stirred constantly but not renewed [41] . After one month, the 167 samples were withdrawn from the solution, sawn in two parts and sprayed with phenolphthalein 168 solution. Three zones could be observed (Figure 3) : 169
• the central part where the degradation depth was constant versus height, 170
• the bottom part where the degradation depth was less due to sedimentation, 171
• the top part where the degradation depth was higher due to bleeding and sedimentation. 172
The removal of top and bottom ends (10 mm) was believed to yield homogeneous properties versus 173 height. 140 disks per paste (6 mm-thick) were sawn from the central part of the resulting specimens. 174
Most of these disks (110 per paste) were used for carbonation study and the remaining part was 175 dedicated to the non-carbonated pastes characterization. 176 The process was pursued until the complete carbonation state which was verified afterwards using X-188 ray diffraction (XRD) and thermogravimetric analysis (TGA) (see section 5.1.). 189 The pore size distribution was investigated by mercury intrusion porosimetry (MIP) using a 219
Methods
Micrometrics Autopore IV. Samples were crushed into small parts (several millimetres), frozen by 220 immersion into liquid nitrogen, let to dry under vacuum for seven days and then tested at 20 ± 2°C. 221
Two samples of each formulation were used. 222
Water desorption isotherm
223
The desorption isotherms were characterized using the desiccator method [55] . The non-carbonated 224 samples were tested just after the cure (after 4 months) whereas the carbonated ones were tested 225 after the cure (4 months) and carbonation (1 year). All the samples were resaturated before the test 226 (4 h under vacuum and then 20 h under water and vacuum). A set of specimens (from 3 to 6) of each 227 paste was inserted into a desiccator above a specific saturated salt solution to control the RH (Table  228 3). Thirteen different sample-sets were placed simultaneously into thirteen different desiccators 229 including different salt solutions. This procedure allowed reducing the test duration, but might have 230 resulted in increasing variability. 231 The thirteen desiccators were put in an air-conditioned room (20 ± 2°C). At given times, the 234 desiccators were opened and the samples weight was measured. The results (relative mass variation 235 at equilibrium . 
where 78 is the specific gravity of the saturated paste. It was measured using the buoyancy method. 238
The deviation from equilibrium was characterised using an indicator 9 defined as: 239 Complementary tests were conducted using a sorption balance (SMS DVS Advantage) [10, 61] . This 248 device presents two major benefits: (i) a complete desorption isotherm could be obtained in about ten 249 days and (ii) it allowed testing some specific RH values that are difficult to achieve using saturated salt 250 solutions (especially RH lower than 30%). A few disks were crushed and then powdered (sieved to 251 remove the particles larger than 100 µm) in a CO 2 -free glove box. The powder was resaturated using 252 deionized water: a sample of about 50 mg was taken and introduced into the sorption balance. The 253 tests were performed at 25°C ± 0.1°C and the RH was decreased by steps under the "dm/dt" mode 254 (the software automatically shifted from one RH step to another when equilibrium was considered to 255 be reached). 256
The specific surface area ( = ) was assessed using the well-known BET model [62, 63] : 257
where > and 2 < are the two BET parameters. > is related to the energy of the first layer and 2 < 258 represents the water content needed to complete a monomolecular layer. The specific surface area 259 Inverse analysis was used for non-carbonated specimens only. The carbonated ones were too small 285 (the specimens dry too quickly and the mass loss is too low to yield appropriate results) and another 286 approach had to be used to assess permeability. 287 
Cup-method
where 4X is the mass loss time derivative [kg/s], Y the disk cross sectional area [m²], the thickness 296
[m], Z the liquid pressure difference between the two environments (computed using eq.14) [Pa] . 297
Figure 7 : Cup mass evolution (PI disk) vs. time for a 64% (_`) -55% (_ a ) RH range at 25°C 299
An experimental set-up was implemented by adapting existing diffusion cells (Figure 6 ). In practice, h 1 300 was controlled using a saturated salt solution whereas h 2 was controlled using a climatic chamber 301 (which also allows controlling temperature). In this test, initially saturated samples are used to focus on 302 the drying path (and h 1 was always greater than h 2 ). The cup-method is implemented on carbonated 303 disks (due to the small specimen thickness) as well as non-carbonated ones to validate the method. 304
Cracking
305
Because cracks were observed on the disks surface after carbonation, some of them were 306 impregnated with a fluid resin incorporating a fluorescent dye 2 . The disks were observed in the light of 307 a ultra-violet (UV) lamp. The resin-filled cracks could clearly be seen thanks to the dye fluorescence. 308
Pictures were taken and then processed using a specific software 3 in order to provide a cracking index 309 (b c ) to compare qualitatively the pastes (grey-scale image processing). The cracking index was simply 310 defined as the ratio of the number of pixels attributed to the cracks to the total number of pixels of the 311 disk surface: 312 b c = Bd4ef gh i jf$3 ed f g ℎf k k 3 ^g $ %d4ef gh i jf$3 gh ℎf 3d h kf 
Results
313
Mineralogical changes
314
The usual mineralogical changes could be highlighted using XRD (Figure 8 ): dissolution of the main 315 hydrates (portlandite, AFt and AFm) and precipitation of calcium carbonate (calcite and vaterite, the 316 presence of aragonite was not identified). These evolutions were supported by the TGA data (Figure  317 9). 100 days were necessary to achieve a stabilized state of carbonation (constant concentration of 318 calcium carbonate). As it was expected, the amount of calcium carbonate increased with the initial 319 portlandite content. The remaining presence of portlandite was also observed after carbonation that 320 was attributed to the calcium carbonate formation around the portlandite crystal inhibiting their 321 dissolution [71] [72] [73] [74] . 322 Figure 10 presents the results obtained using 29 Si NMR. Q 0 represents isolated SiO 2 tetrahedra, Q 1 323 denotes chain end groups, Q 2 middle groups, Q 3 branching sites and Q 4 cross-linking ones [48] . Q 2 p 324 represents the bridging SiO 2 sites but other tetrahedra cannot be distinguished using 29 
Si MAS NMR. 325
A more detailed analysis would be required to describe accurately the C-S-H structure [51] . 29 Si NMR 326 spectra showed that carbonation decreases the amount of anhydrous phases (Q 0 Many disks were cracked or even broken at the end of the carbonation campaign, regardless of the 339 composition: more than 50% of the PI specimens and to a lesser extent PIII, PV and PBP (between 340 25% and 40%). This was believed to be due to the combination of drying and carbonation shrinkage. 341
Only the unbroken and non-cracked disks (as observed with the naked eyes) were used for further 342 characterization. 343
Porosity
344
The precipitation of calcium carbonate led to the reduction of water porosity (Table 4 ). The fall of 345 porosity was of the same order of magnitude of those obtained by Ngala and Page [5] . The porosity 346 variation was directly related to clinker substitution by pozzolanic additions: the higher the initial 347 portlandite content, the higher the fall of porosity (Figure 9 and Not only the total porosity was reduced but also the pore size distribution was modified (Figure 11 ). 352
The critical pore diameter decreased for PI and PV whereas a slight, but significant, coarsening of the 353 pore structure was observed for PIII and PBP. 354 Pore diameter D (µm) PBP was then obtained for all the binders in the non-and carbonated states. Carbonation led to a 360 significant drop of water content at equilibrium that was directly related to porosity clogging (Table 4) . 361
The desorption isotherms morphology was also altered as a consequence of the pore size distribution 362 modification. This is patent when saturation is used to plot the water retention curves ( Figure 13 ). As 363 already beheld by Houst and Whittmann [4] , the modifications of the CEM I paste curve appeared 364 moderate and remained limited to low RH. Those of the blended pastes were more significant and 365 appeared to be all the more significant as the amount of addition was high. 366 The van Genuchten parameters needed for the inverse analysis (pressure J and exponent 4) were 369 evaluated; the results are presented on Figure 13 and the parameters are listed on Table 5 . Carbonation led to a reduction of the specific surface area (Table 6 ). Using the approach proposed by 377 Olson and Jennings [47] together with the desorption isotherm (water content at 20% RH), the C-S-H 378 content was estimated ( 379 Table 7 ). It was then implicitly assumed that this approach remains valid for carbonated cementitious 380 The numerical restitution of the experimental drying kinetics of the Ø50×100 mm cylinders (55% RH 402 and 25°C) is presented on Figure 15 (following the method presented in part 4.4.1). The obtained 403
intrinsic permeability values are compiled in Table 9 . These values are consistent with the pore size 404 distributions: the finer the pore size distribution, the lower the permeability value. Firstly, the cup-method was applied on non-carbonated PI to compare with inverse analysis (Figure  412 16). A good agreement between both methods was noticed: the two datasets presented the same 413 order of magnitude and described a similar trend. A small difference could however be observed that 414 could be due to: 415 -the variability linked to the differences between the batches used for the two methods (the data 416 required for inverse analysis were extracted from a previous study [33] , 417 -uncertainties on the unsaturated properties (for instance water retention curve), 418 -the error on the relative permeability ( ) assessed using Mualem's model and more specifically 419 the value of the pore interaction factor i (eq. 12) [68, 75, 76] . It was noticed that for RH lower than 40%, a permeability increase was obtained for the non-423 carbonated specimens. Cracks could be observed on the disk surface. They were believed to be due 424 to restrained drying shrinkage. Beyond that, the authors think that the comparison was globally 425 satisfactory and that the cup method is an efficient tool for unsaturated permeability evaluation. This 426 statement could not however be generalized to the blended cements (Figure 17 ) for which the reliable 427 permeability description was limited to a small range of saturation (around 0.8 to 1.0). This was due to 428 their refined pore size distribution leading to flattened desorption isotherms at high RH (Figure 12) . In 429 the following sections, the permeability of non-carbonated blended cement pastes was then described 430 using inverse analysis. 431 432
1.E-27
1.E-26
1.E-25
1.E-24
1.E-23
1.E-22 Two different explanations were explored to explain the significant permeability increase of the 452 blended cement pastes: (i) coarsening of the pore structure and formation of large pores and (ii) 453 microcracking. These points are discussed in the following section. 454
Discussion
455
The coarsening of the pore structure and formation of large pores could not be observed using MIP. 456
Microcracking was then believed to be the major cause of the permeability increase. 
Conclusion
490
The impact of carbonation on unsaturated water transport was addressed using four pastes made with 491 different binders (three commercial cements and a low-pH blend). In the framework of a simplified 492 approach for the description of unsaturated water transport, three physical parameters were 493 characterised: porosity, water desorption isotherm and permeability. The samples were carbonated at 494 a CO 2 content of 3% to ensure representativeness and mitigate cracking (as already observed at 495 50%). The precipitation of calcium carbonate led to porosity reduction, the extent of which was related 496 to the initial composition of the paste (portlandite and C-S-H contents). The water desorption curves 497 were significantly altered by carbonation: 498
• a drop of water content was observed over all the RH range according to porosity clogging; 499
• the isotherms morphology was changed in relation to pore size distribution modification. 500
The cup-method test was a good alternative to inverse analysis for the assessment of the unsaturated 501 porosity, significant permeability increase was obtained for the blended cements: microcracking 505 prevailed over clogging. Permeability was found to increase with cracking (digital image processing) 506 and more specifically with the initial C-S-H content. C-S-H decalcification revealed by 29 Si NMR was 507 believed to be the main cause of shrinkage resulting in cracking. 508
This study was only a first step; these tests should also be conducted using concretes. The presence 509 of aggregates might help mitigating the consequences of carbonation shrinkage and change the 510 cracking pattern (the cracks could be concentrated around the aggregates). 511
